General Methods. All chemicals were purchased from commercial suppliers (Aldrich, Alfa Aesar, TCI, or Fisher) and used as received. 1 H NMR spectra were recorded on a Varian FT-NMR instrument at the Diego. In general, synthesis conditions were not optimized for maximum yield.
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purified by silica gel chromatography eluting with 95:5 CH 2 Cl 2 :MeOH to yield a white solid (982 mg, 90% yield). 1 Synthesis of 2-bromo-4,6-dimethylpyridine. 2-Amino-4,6-dimethylpyridine (100 mg, 0.5 mmol) was added to 5 mL 48% HBr (aq) at -25 ºC followed by the addition of NaNO 2 (282 mg, 2.5 eq.) in 1 mL water. Bromine (0.169 mL, 2 eq.) was then added and the reaction kept at -25 ºC for 1 hour before warming to RT over 30 min. The solution was diluted with 5 M NaOH (aq, 10 mL) and extracted with 3 x 20 mL CH 2 Cl 2 . The organic layer was dried over MgSO 4 , evaporated, and purified by silica gel chromatography eluting with 97:3 hexanes:ethyl acetate to yield the product as a white solid (133 mg, 44% yield). 1 Synthesis of 2-bromo-4,6-dimethylpyridine-N-oxide. 1.02 mmol) was combined with m-CPBA (504 mg, 2 eq.) in CH 2 Cl 2 (20 mL) and allowed to stir overnight. The solution was then washed with sat. NaHCO 3 (aq), evaporated, and the product purified by silica gel chromatography eluting with 95:5 CH 2 Cl 2 :MeOH to yield a white solid (160 mg, 78% yield). 1 (trifluoromethyl)pyridine (399 mg, 1.77 mmol) was dissolved in a mixture of trifluoroacetic acid (TFA, 5 mL) and trifluoroacetic anhydride (5 mL, 20 eq.) . The solution was cooled on ice, followed by the dropwise addition of 30% H 2 O 2 (30% aq, 3 mL, 15 eq.). The solution was then allowed to warm to RT before being heated to reflux for 45 minutes. The solvent was removed in vacuo and the product purified by silica gel chromatography eluting with 60:40 ethyl acetate:hexanes to yield a white solid (314 mg, 74% yield). 1 (trifluoromethyl)pyridine (350 mg, 1.55 mmol) was dissolved in a mixture of TFA (5 mL) and trifluoroacetic anhydride (5 mL, 23 eq.) . The solution was cooled on ice, followed by the S4 dropwise addition of 30% H 2 O 2 (30% aq, 3 mL, 19 eq.). The solution was then allowed to warm to RT before being heated to reflux for 45 minutes. The solvent was removed in vacuo and the product purified by silica gel chromatography eluting with 60:40 ethyl acetate:hexanes to yield a white solid (310 mg, 83% yield). 1 
General Synthetic Procedure For 1-hydroxypyridine-2(1H)-thiones (1,2-HOPTOs).
Substituted 2-bromopyridine-N-oxide (200 mg unless otherwise noted) was added to water (10 mL) followed by the addition of 10 mL saturated NaSH (aq) and the mixture was allowed to stir at RT until starting material was consumed, roughly 30 minutes. of the substrate. The reaction was followed using a BioTek Elx808 plate reader measuring absorbance at 405 nm. Rates of PNPA hydrolysis in wells containing inhibitor but no protein were subtracted from each trial before curve fitting. Initial linear rate vs. substrate concentration S10 was plotted for inhibitor-free and enzyme in the presence of inhibitor ( Figure S1 ), and for each inhibitor the curves were fit for K i using GraphPad Prism with K m set as a constant (25 mM) .
Synthesis of 2-hydroxyisoquinoline-1-(2H)-thione (2,1-HIQTO
Generally, three inhibitor concentrations were used for each fitting, with the best results coming from concentrations of 0.5x, 1x, and 2x the K i . If necessary, DTT was included in the well to achieve maximum inhibition, but not above a concentration of 200 µM as it increases the rate of background PNPA hydrolysis. to the B3LYP/6-311++G(2d,2p) optimized geometry, allowing the bond energy between the Tp scaffold and MBP to be computed in three steps: (1) An electrostatic interaction term was obtained from the superposition of the electron densities of the two fragments.
Energy Decomposition
(2) Since the superposition of fragment densities afforded a new density that did not obey the Pauli principle, the wavefunction was antisymmetrized and renormalized. This step produced a steric term that captured the repulsive effect associated with the superposition of the two fragment densities. (3) Upon optimizing the wavefunction, an orbital interaction term derived from polarization, charge transfer and bonding effects. Taken together, these three terms (electrostatic, steric and orbital interaction) were summed to provide a description of the total bonding energy between the Tp and MBP fragments.
Thermodynamic integration.
To prepare the different hCAII(MBP) systems for thermodynamic integration (TI) computations, the different MBPs and His 3 Zn center in hCAII were parameterized for simulation with the AMBER14 suite of programs. 6 While the parameters for His 3 Zn were obtained previously, 7 the derivation of force field parameters for different MBPs are briefly described here.
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The geometry of each MBP was optimized using Gaussian 09 8 at the B3LYP/ 6-31G(d,p) level of theory. [9] [10] [11] [12] Point charges for all atoms were subsequently extracted from the electrostatic potential (ESP) computed for each MBP at the B3LYP/6-31G(d) level of theory with MK radii 13 using the restrained electrostatic potential (RESP) program [14] [15] [16] in AmberTools12. 17 All other force field parameters were taken from either the AMBER FF99SB-ILDN 18, 19 or AMBER GAFF 20 force fields. In all TI simulations, the partial charges on the MBGs were set to zero to enable computation of the relative nonpolar binding free energies, and softcore potentials 21 were used for the R-group being transformed. Each system was solvated in a box of TIP3P waters 22 with ions added to enforce neutrality. To maintain the MBP binding geometry observed crystallographically, restraints were applied to keep the S-Zn and O-Zn bonds equal to 2.41 and 2.26 Å, respectively. Additionally, the orientation of the MBGs in the hCAII active site was restrained through application of a dihedral restraint, with the Zn-S-O-N angle set to 135°.
These restraints were applied in all simulations with force constants of 100 kcal/mol/ Å 2 .
Following these preparation steps, TI computations [23] [24] [25] were then performed using the pmemd engine in the AMBER14 suite of programs 6, 26 at λ values of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0. At each λ window, the system was first minimized for 5000 steps to remove any steric clashes. Equilibration was then performed in two steps: (1) 500 ps of dynamics were performed at constant pressure and temperature (NPT) conditions using a Berendsen barostat 27 with isotropic position scaling (ntp = 1) and a pressure relaxation time of 2.0 ps, while allowing the system heat to 300K with a Langevin thermostat 28 having a collision frequency of 2.0 ps -1 ;
(2) upon ensuring the system density was equilibrated, 500 ps of constant volume and temperature (NVT) equilibration were performed at 300K. Production molecular dynamics (MD) simulations were then performed for 4 ns, and the average value of dV/dλ (<dV/dλ>) was subsequently extracted from the final 2 ns upon removing correlations in the data, identified using the timeseries module in the pyMBAR program (http://simtk.org/home/pymbar). 29, 30 The values of <dV/dλ> from each window were then plotted as a function of λ and numerically integrated using the trapezoidal rule to obtain ∆∆G for the transformation under consideration. Errors were propagated and reported as standard deviation. 31 Table S2 . Computation of the relative nonpolar binding free energies for 1,2-HOPTO MBPs, varying the R-group at the 4-position. The relative nonpolar binding free energy between two MBPs is equal to the difference in nonpolar binding free energies obtained from the alchemical transformation of MBP A to MBP B (e.g. 4-CF 3 -1,2-HOPTO to 4-CH 3 -1,2-HOPTO, in row 2; cf. Supplementary Fig. 12 ) when bound to hCAII and free in solution: ∆∆G np = ∆G np (bound) -∆G np (unbound) . All energies are given in kcal/mol, and the error is presented as standard deviation. S1 . Representative plots of the curve fitting for K i . The rate of hCAII-catalyzed PNPA hydrolysis (mAU/min at 405 nm) was plotted against substrate concentration in the presence of increasing amounts of inhibitor, as labeled for each MBP. Figure S7. 6-CH 3 -1,2-HOPTO (shown in magenta) adopts monodentate coordination in the hCAII active site, which is accompanied by the ligand moving closer to the hydrophobic wall than unsubstituted 1,2-HOPTO (shown in transparent green on the right for comparison). The oxygen atom of 6-CH 3 -1,2-HOPTO appears to form a hydrogen bond with Thr200 as well as an interaction with W1 (3.0 Å, not shown for clarity). The ring of the ligand makes extensive contacts with Val143 and Val121, and also a closer contact with Leu198 than unsubstituted 1,2-HOPTO. The |2F o -F c | map is shown contoured at 1.5σ. Interactions are shown as arrows along with the corresponding C−C or O−O distance (in Å). The methyl group of 6-CH 3 -1,2-HOPTO makes contacts very similar to those of 5-CH 3 -1,2-HOPTO described in Figure S6 . Figure S8 . The crystal structure of 3-CF 3 -1,2-HOPTO bound to hCAII reveals coordination similar to that of its methyl analog (right, carbon atoms shown in cyan). The |2F o −F c | map (1.5σ) is shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | map (4.0σ) is shown in red for the ligand. Figure S9 . The crystal structure of 4-CF 3 -1,2-HOPTO bound to hCAII reveals coordination similar to that of its methyl analog (right, carbon atoms shown in cyan). The |2F o −F c | map (1.5σ) is shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | map (4.0σ) is shown in red for the ligand. Figure S10 . The crystal structure of 5-CF 3 -1,2-HOPTO bound to hCAII shows two binding modes, shown with carbon atoms colored green and blue. The |2F o −F c | map (1.5σ) is shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | map (4.0σ) is shown in red for the ligand. One of these binding modes (blue) has no interaction with the active site Zn 2+ ion, diagrammed on the right. Figure S11 . The crystal structure of 1,2-HIQTO bound to hCAII reveals coordination similar to that of 1,2-HOPTO. The |2F o −F c | map (1.5σ) is shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | map (4.0σ) is shown in red for the ligand. An overlay with the previously reported structure of hCAII with 1,2-HOPTO (PDB 3M1K, carbon atoms shown in magenta) is shown on the right. Figure S12 . The binding of 4-CH 3 -1,2-HOPTO derivatives with altered binding motifs. A: The binding of 4-CH 3 -1,2-HOPO is similar to that of 4-CH 3 -1,2-HOPTO (shown as translucent with carbon atoms in magenta). The MBP tilts relative to its 1,2-HOPTO analog, allowing for the binding of a water molecule that is displaced by the bidentate 1,2-HOPTO MBPs. B: The crystal structure of 4-CH 3 -2MPyr bound to hCAII reveals a binding mode that similar to that of 4-CH 3 -1,2-HOPTO despite not having an oxygen donor. The endocyclic nitrogen does have a close interaction with a water molecule, shown in magenta, that does not appear in the crystal structure of inhibitor-free hCAII or in complexes with other monodentate inhibitors. The |2F o −F c | map (1.5σ) is shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | map (4.0σ) is shown in red for the MBPs.
Figure S13. Crystal structure of 3-CH 3 -TP bound to hCAII. The |2F o −F c | maps (1.5σ) are shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | maps (4.0σ) are shown in red for the ligand. An overlay (right) reveals that this binding mode is similar to that observed for 6-CH 3 -1,2-HOPTO (carbon atoms shown in magenta). Figure S14 . The crystal structure of 4-CH 3 -2MP bound to hCAII shows that it acts as a monodentate ligand. The |2F o −F c | maps (1.5σ) are shown in gray for the Zn 2+ ion and protein residues while the omit |F o −F c | maps (4.0σ) are shown in red for the ligand. Overlays show that this binding mode is similar to that of 3-CH 3 -TP (middle, carbon atoms shown in magenta) and the previously reported structure of 2MP (right, PDB 2OSM, carbon atoms shown in cyan). Figure S16. Partial charge distributions derived from the molecular electrostatic potentials of various geometry-optimized Tp C (MBP) complexes, computed using the CHELPG algorithm 32, 33 at the B3LYP/6-311++G(2d,2p) level of theory with CPCM solvation [34] [35] [36] Figure S17 . Schematic representation of the alchemical transformations performed to obtain the relative nonpolar binding free energies of MBPs in complex with hCAII. From this thermodynamic cycle, the difference in nonpolar free energies of two MBPs (denoted by MBP A and MBP B ) binding to hCAII is defined as ∆∆G np = ∆G B bind -∆G A bind (the vertical reactions above), which can be obtained computationally through alchemical transformations: ∆∆G np = ∆G np A→B(bound) -∆G np A→B(unbound) (horizontal reactions above).
